Introduction
In mammals, corticotropin releasing factor (CRF) is a Results major integrator of the endocrine, neuroendocrine, autonomic, and behavioral responses to stress (Vale et al., Generation of CRFR1-Deficient Mice 1981; Owens and Nemeroff, 1991) . The biological acTo generate CRFR1-deficient mice, a targeting vector tions of CRF family members are mediated via binding was constructed in which the portion of the CRFR1 gene to specific, high-affinity, G protein-coupled membrane encoding the last 12 amino acids of the first extracellular receptors. Two distinct CRF receptor subtypes, CRFR1 domain through the fourth transmembrane domain was and CRFR2, have been characterized (Grigoriadis et al., replaced with a neomycin resistance gene cassette (Figure 1A) . Translation of the resulting disrupted CRFR1 mRNA would presumably result in a nonfunctional re- § Both authors contributed equally to this work. sis with an external probe ( Figure 1B ). Cells from two was not observed in female mutant mice or in control mice. To determine whether the targeted deletion resulted in a null mutation, cultured pituitary cells from control and mutant mice were treated for 1 hr with 0-10 nM CRF, and the levels of adrenocorticotropic hormone (ACTH) in culture medium were measured. CRF treatment of control pituitary cells resulted in a dose-dependent increase in ACTH secretion ( Figure 1C ). In contrast, treatment of CRFR1-deficient pituitary cells with 0-10 nM CRF did not increase ACTH secretion ( Figure 1C ). Accumulation of cAMP by mutant pituitary cells also was blunted following CRF treatment ( Figure 1C ). Reverse transcription-polymerase chain reaction analysis of mRNA collected from the cerebellum of homozygous mutant animals also confirmed the presence of the deletion within the CRFR1 gene (data not shown). Thus, we conclude that the targeted mutation resulted in a disrupted CRFR1 gene and loss of receptor function.
Mice Lacking CRFR1 Display a Pronounced Adrenal Deficiency
CRF is known to play a key role in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis and in many central responses to stress (Owens and Nemeroff, 1991) .
As an initial assessment of function of the HPA axis in mutant animals, plasma samples were collected from (Table 1) .
recombination.
Histological analysis revealed a marked decrease in the (B) The disrupted CRFR1 allele was identified by Southern analysis size of the zona fasciculata (corticosterone producing) with a BamHI-HindIII external probe which detected a 8.0 kb control region of the adrenal glands collected from CRFR1-defiband and a 6.3 kb mutated band, respectively; J1 (parental ES cell line), CRFR1 ϩ/Ϫ (ES cell clone heterozygous for the mutation).
cient mice (Figure 2A ). Other regions of the adrenal (C) CRF-stimulated ACTH secretion and cAMP accumulation by glands of mutant mice (zona glomerulosa, zona reticumonolayer cultures of whole pituitaries collected from control and laris, and medulla) appeared normal. In addition, plasma CRFR1 mutant mice (CRFR1 Ϫ/Ϫ).
concentrations of aldosterone, produced by the zona glomerulosa region of the adrenal gland, were similar between mutant and control mice (data not shown). Therefore, the adrenal deficiency in the CRFR1-deficient targeted ES cell lines were injected into C57 BL/6 blastomice appears specific to the corticosterone-producing cysts to generate chimeric founder mice, and germ-line region of the adrenal gland. transmission of the disrupted allele was obtained. In general, homozygous mutant mice born from mating of heterozygotes developed normally and were fertile.
CRFR1 Mutant Mice Display an Impaired Neuroendocrine Response to Stress However, a 15% mortality rate was observed in the male CRFR1 mutant mice. The death loss occurred primarily Activation of the HPA axis and the accompanying hormonal response to stress is triggered by increased CRF when animals were between 3 and 12 weeks of age and (A) Pronounced atrophy of adrenal glands of CRFR1 mutant mice. Adrenal glands of female control and CRFR1 Ϫ/Ϫ mice were sectioned and stained with hematoxylin and eosin. Note the overall size of adrenal gland was decreased in mutant mice (low magnification, upper panels). At higher magnification (lower panels), the marked hypoplasia of the zona fasciculata (ZF) region was observed. The zona glomerulosa (ZG), zona reticularis (ZR), and medullary (M) regions were relatively unaffected. (B) Corticotrope development in CRFR1 mutant mice. Pituitary glands from both control and CRFR1 mutant mice were sectioned, and corticotropes were localized with anti-ACTH antibodies. No gloss anatomical differences were observed in all three lobes of the pituitary glands. No difference in the number of corticotropes was observed. A, I, and P: anterior, intermediate, and posterior pituitary lobe, respectively. secretion into the hypothalamic-pituitary-portal system increase circulating ACTH in the CRFR1-deficient mice and the amplitude of their corticosterone response was by neurons in the paraventricular region of the hypothalgreatly blunted compared to control mice (Tables 2 and  amus (Owens and Nemeroff, 1991) . This elevation of CRF 3, respectively). These results indicate that the endoin the portal blood leads to increased ACTH secretion by crine response to stress is severely compromised in the the pituitary gland and the accompanying increase in corticosteroid secretion by the adrenal gland (Owens and Nemeroff, 1991) . To determine whether function of tively). In contrast, restraint stress did not significantly CRFR1 mutant mice. However, female mutant mice were still able to elicit a rudimentary corticosterone response to stress even in the absence of CRFR1 (Table 3) . A significant corticosterone response to stress was also reported for the female mice lacking CRF (Muglia et al., 1995) .
Mice Lacking CRFR1 Display Normal Basal ACTH Secretion and Corticotrope Development CRFR1 is the predominant CRF receptor subtype expressed in the pituitary gland (Grigoriadis et al., 1996) . It can stimulate proliferation of pituitary corticotropes (ACTH producing cells) in vivo (Gertz et al., 1987) and hence has been postulated to play a role in their development. Histological and immunocytochemical analyses of pituitary glands from mutant mice revealed no gross anatomical defects and a normal complement of corticotropes ( Figure 2B ). A critical requirement of CRF/ with Corticosterone Heterozygous CRFR1 mutant females were fertile and to characterize changes in the expression of other key components of the CRF system within the brains and exhibited no obvious reproductive abnormalities. As mentioned previously, the progeny born to heterozypituitaries of CRFR1-deficient mice. No changes in spatial distribution or levels of CRFR2 expression were obgous CRFR1 mutant mice were viable at birth and displayed a normal neonatal survival rate. To characterize served in the brains or the pituitary glands of mutant mice (data not shown). Immunohistochemical analyses further the reproductive and developmental capacity of the CRFR1-deficient mice, male and female homozyrevealed that expression of CRF within the paraventricular nuclei of the hypothalamus (PVN) of CRFR1-deficient gous mutant mice were intercrossed. While no markedly obvious differences in fertility were noted, virtually all mice was markedly increased compared to that of wildtype mice ( Figure 3A ). Increased CRF mRNA expression of the progeny born to the homozygous CRFR1 mutant females died within 48 hr after birth. Given the observed was also detected within the PVN of mutant mice (data not shown). Arginine vasopressin, originating in part adrenal defect in mutant females and the established requirement of corticosteroids for neonatal lung maturafrom the same neurons in the PVN that synthesize CRF, is also a key regulator of corticotrope function. In contion (Ballard, 1989), we suspected that these animals died from neonatal respiratory distress. Histological trast to CRF, no detectable alteration in arginine vasopressin expression was observed within the PVN of muanalysis of lungs collected on postnatal day 1 revealed a marked lung dysplasia in offspring born to female tant mice ( Figure 3B ). In other regions of the brain known homozygous mutant mice in comparison with control CRFR1 mutant mice was due to insufficient trophic hormone (ACTH) support during neonatal adrenal developmice ( Figure 4 ). Mutant lungs displayed alveolar collapse and reactive emphysema with intra-alveolar hemorment. To test this possibility, an ACTH treatment regime was initiated. Mice were injected twice daily with ACTH rhage and hemosiderotic deposition ( Figure 4B ). We then investigated whether corticosterone treatment from postnatal days 10-21. As a result, the overall adrenal size and the width of the zona fasciculata region could prevent the neonatal lung dysplasia and accompanying accentuated mortality of progeny born to homowere significantly increased in comparison with diluent injected mutant mice ( Figure 5B ). Hence, the adrenal zygous mutant mice. Results of these experiments indicated that in utero treatment of homozygous mutant defect likely results from reduced circulating ACTH concentrations in the mutant mice during the neonatal females with corticosterone in the drinking water from embryonic day 12 through postnatal day 14 resulted in period of adrenal maturation. These results suggest that functional connections between the hypothalamus and normal lung maturation in their progeny. Histological analysis of lungs collected on postnatal day 1 following the pituitary gland are absolutely critical for normal postnatal development and maturation of the adrenal cortex. in utero corticosterone treatment revealed a normal architecture, with thin alveolar septae and normal air space expansion ( Figure 4C ). In utero corticosterone treatment also resulted in a normal postnatal survival CRFR1 Mutant Mice Display Markedly Reduced Anxiety rate of progeny born to homozygous mutant females (data not shown). Therefore, we conclude that the inadeFollowing exposure to stress, animals display distinct behavioral changes suggestive of an anxiety response. quate lung maturation and reduced postnatal survival of progeny born to homozygous CRFR1 mutant mice is A large number of pharmacological studies indicate that a result of insufficient maternal corticosterone pro-CRF mediates many of the behavioral responses to duction.
stress . Therefore, we evaluated whether mice lacking CRFR1 displayed a normal anxiety response by testing male control and mutant mice in Hormonal Rescue of the Adrenal Defect two well-defined behavioral paradigms.
in CRFR1-Deficient Mice
The behavioral responses of CRFR1-deficient mice in Further characterization of the CRFR1 mutant mice was an anxiogenic-like environment were examined using a conducted to delineate the basis for the marked adrenal dark-light emergence task and compared with control atrophy in homozygous animals and to determine mice. The mutant mice had a tendency to exit the small whether the adrenal defect was first manifest during chamber into the open field (aversive environment) with prenatal versus postnatal life. Adrenal glands from cona shorter latency compared with the control mice (data trol mice and from mutant mice were collected on postnot shown) and spent a longer time in the open field natal day 3 and assessed histologically. No obvious (P Ͻ 0.05; Figure 6A ). The mean time spent in the open differences in morphology of mutant adrenal glands field per exit was also greater for the mutant mice than were detected ( Figure 5A ). Therefore, the onset of the the control mice (mutant, 19.9 Ϯ 7.53 s versus control, adrenal defect in CRFR1 mutant mice likely occurs later 3.8 Ϯ 3.2 s; P Ͻ 0.05). To determine whether the reduced during neonatal life. sensitivity of CRFR1 mutant mice to anxiogenic-like In hypophysectomized adult animals, ACTH replacestimuli was due to a difference in reactivity to novelty, ment is required for the maintenance of the zona fasciculocomotor activity was measured in a novel environlata region (Idelman 1970; Wyllie et al., 1973) . Assay ment, under the same light conditions as for the darkof plasma ACTH concentrations on postnatal day 10 light emergence task. As illustrated in Figure 6B , the revealed that the mutant mice have significantly lower total zone entries for the first 5 min, corresponding to levels than control mice ( Figure 5C ; P Ͻ 0.02). These results raise the possibility that the adrenal atrophy in the duration of the dark-light emergence protocol, were For the dark-light emergence task, mice were placed into the small chamber at the start of the 5-min session.
(A) Total time (s) mice spent out of the chamber (control n ϭ 6, mutant n ϭ 6; mean Ϯ SEM; *P Ͻ 0.05).
(B) Acute locomotor activity of control and mutant mice in a novel environment was also determined. Total zone entries (mean Ϯ SEM) of control and mutant mice over a 5-min period during the light cycle were not different (P Ͼ 0.05).
(C) Behavior of the mutant mice in the elevated plus maze. Percentage of time spent in the open arms (P Ͻ 0.0002) and the number of visits to the open arms (P Ͻ 0.05) were greater in the mutant than the control mice (control n ϭ 8, mutant n ϭ 8; mean Ϯ SEM).
(D) Similar behavioral responses were observed in mutant and control mice (control n ϭ 9, mutant n ϭ 8) subjected to corticosterone replacement, suggesting that the reduced anxiety response is not due to decreased levels of corticosterone in the mutant mice. The corticosterone replacement study was conducted with two groups Figure 5 . Hormonal Rescue of the Adrenal Defect in CRFR1-Defithat received corticosterone in the drinking water (D) and two groups cient Mice receiving vehicle, e.g., water (C). (A) Hematoxylin and eosin stained sections of adrenals collected from control and CRFR1-deficient mice on postnatal day 3 demonstrating no difference in adrenal morphology during the early postnaand mutant (n ϭ 8) mice were treated with or without tal period.
10 g/ml corticosterone in the drinking water for 13 days Table 1 ). A significant genotype (or strain) **P Ͻ 0.02).
effect was found for both percent open arm entries (P Ͻ 0.0002) and percent time in open arms (P Ͻ 0.05). Thus, the CRFR1-deficient mice visited and spent more time not different between the two groups. Therefore, differences in reactivity to novelty cannot explain the inin the open arms of the apparatus than control mice, indicative of a reduced anxiety response. Neither a sigcreased tendency of mutant mice to exit the small chamber in the dark-light emergence task.
nificant drug treatment effect nor a significant strain ϫ drug treatment interaction was obtained for both perAnxiety levels displayed by mutant and control mice were also compared using another animal model, cent open-arm entries and percent time in the open arms. Therefore, corticosterone administration did not namely, the evaluated plus maze test. Because plasma levels of corticosterone in mutant mice are significantly affect the behavioral performance of either control or CRFR1-deficient mice in the elevated plus maze model lower than in control mice, the altered anxiety response in mutant mice may be due to low levels of corticostefor anxiety. A two-way analysis of variance (ANOVA) performed on closed-arm entries, a validated measure rone. To exclude this possibility, both control (n ϭ 9) of activity in this test, did not reveal a significant strain as the amygdala. The increased expression of CRFR1 in the PVN may be due to the reduced negative feedback or drug treatment effect, nor did it reveal a significant strain by drug treatment interaction. These results indieffects of corticosteroids. In rats, both CRF and arginine vasopressin expression in the PVN are inhibited by corticate that the behavior of the mutant mice in the plus maze was not due to a general increase in activity of costeroids (Sawchenko, 1987) and elevated by adrenalectomy (Sawchenko et al., 1984) . However, expression the mutant mice. We conclude that the mutant mice showed an increased approach to environments generof arginine vasopressin (another key regulator of ACTH secretion) in the PVN of CRFR1-deficient mice was simially considered as aversive in rodents (Denenbergh, 1967; Archer, 1973; Crawley and Goodwin, 1980 ; Misslin lar to that of control animals. Regardless, the normal circulating ACTH levels of mature mutant mice cannot et al., 1989) and were less sensitive to the anxiogeniclike stimuli. Taken together, these results demonstrate be accounted for by increased arginine vasopressin stimulation of corticotrope function. that CRFR1 is required for a normal anxiety response.
CRFR1 mutant females were fertile and exhibited no obvious reproductive abnormalities. The progeny born Discussion to heterozygous mutant females displayed normal neonatal survivability, while the progeny born to homozyIn this study, we have generated mice with a targeted disruption in the CRFR1 locus by gene targeting in ES gous mutant females died within 48 hr after birth due to lung dysplasia. A similar etiology and neonatal mortality cells. Cultured pituitary cells collected from mutant animals failed to display an increase in cAMP accumulation was reported for both the CRF-deficient mice (Muglia et al., 1995) and for mice with a targeted disruption in and ACTH secretion upon CRF treatment, verifying that the mutation caused a loss of receptor function. Disrupthe glucocorticoid receptor gene (Cole et al., 1995) . In the progeny of homozygous CRFR1 mutant females, the tion of the CRFR1 gene resulted in distinct developmental defects in the mutant animals. More specifically, neonatal mortality was a result of maternal corticosterone deficiency, leading to inadequate fetal/neonatal the CRFR1-deficient mice exhibited a pronounced agenesis of the zona fasciculata region of the adrenal gland. lung maturation. In the present study, we were able to restore the survival of the offspring by corticosterone Markedly reduced circulating corticosterone concentrations accompanied the adrenal defect in mature animals, supplementation beginning in utero. A similar paradigm was used to rescue progeny born to homozygous CRF verifying both a structural and a functional abnormality in the CRFR1 mutants. Mice with a targeted disruption mutant mice (Muglia et al., 1995) . Corticosteroid treatment is commonly used to treat respiratory distress synin the CRF gene also exhibit a similar adrenal defect (Muglia et al., 1995) . drome in prematurely born infants (Ballard, 1989) . To investigate the behavioral consequences of CRFR1 The ability of ACTH replacement during early postnatal life to restore adrenal gland development suggests deficiency, the responses of mutant and control mice were evaluated in two experimental models of anxiety. that there is a critical window of time during neonatal development when CRFR1-dependent ACTH secretion
In both paradigms, the CRFR1 mutant mice consistently showed a reduced anxiety-like response. There was no is absolutely required for full adrenal maturation. Onset of the adrenal defect during prenatal development of effect of genotype on locomotor activity or on closed arm activity in the elevated plus maze. Closed arm activity CRFR1-deficient mice seems unlikely. Consistent with our results, initial differentiation of the adrenal cortex is a validated measure of activity, but not of anxiogeniclike effects, in this test. The behavioral response of the occurs during prenatal life (Daikoku et al., 1976) . Furthermore, histological analysis of adrenal glands collected mutant mice was not affected by corticosterone replacement, demonstrating that the reduced anxiogenic-like on postnatal day 3 revealed no detectable differences between the CRFR1 mutant and control mice. These behavior is not due to low circulating corticosterone concentrations. Consistent with our results, prior studresults suggest that a functional hypothalamic-pituitary axis in neonatal animals is required for normal developies have demonstrated that the anxiogenic-like effects of CRF in rats also are independent of activation of the ment of the adrenal gland.
In the present study, circulating ACTH levels in mature pituitary-adrenal axis (Britton et al., 1986) . Previous data in rats injected centrally with CRF anmutant animals were similar to those in control mice. The fact that mutant animals are not subjected to the tagonists and antisense oligonucleotides suggest that the behavioral and physiological responses to stress potent inhibitory effects of corticosterone on ACTH synthesis and secretion (Keller Wood and Dallman, 1984) may depend on CRF actions in the brain (Takahashi et al., 1989; Swiergiel et al., 1993; Koob et al., 1994 ; Skutella may account for their apparently normal ACTH levels. Nevertheless, the normal circulating ACTH concentraet al., 1994; Martinez et al., 1997) . Chronic central administration of antisense CRFR1 oligonucleotides reduces tions in mature mutant animals are not sufficient to restore maturation and normal function of the adrenal the anxiety response of rats when tested in a defensive withdrawal paradigm (Heinrichs et al., 1997) . In addition, gland. Therefore, the adrenal defect appears to result from a lack of CRFR1-mediated ACTH secretion during treatment of rats with the nonpeptide CRF receptor antagonist CP-154,526, with a high selectivity for CRFR1, neonatal life.
A compensatory increase in expression of the preblocks the anxiogenic-like effects of centrally administered CRF (Schulz et al., 1996) . Consistent with the curdominant ligand for CRFR1 (CRF) was detected within the PVN of CRFR1-deficient mice. The increase in CRF rent literature, our results demonstrate that CRFR1 plays a role in CRF-mediated behavioral responses. mRNA and protein was limited to the PVN and not detected in other CRF producing regions of the brain such While two specific CRF receptor subtypes have been have not been completely elucidated. CRFR1 expresand dispersed as described previously (Vale et al., 1983) . The cells sion within the brain and pituitary gland is regulated by were then washed in complete medium (␤PJ) supplemented with 2% fetal bovine serum and established as monolayers (1.2 ϫ 10 5 stress (Rivest et al., 1995; Rabadan-Diehl et al., 1996) cells/well/0.5 ml) in 48-well Costar (Cambridge, MA) plates preand by CRF and other modulators (Mansi et al., 1996;  coated with poly-d-lysine (20 g/ml). After 3 days of recovery, the Pozzoli et al., 1996) , while expression of CRFR2 is consticells were equilibrated for 2 hr in ␤PJ medium containing 0.1% tutive under similar conditions (Rivest et al., 1995) . These bovine serum albumin and treated for 1 hr with 0-10 nM CRF in results raise the possibility that CRFR1 is the major brain fresh medium. The medium was collected, and ACTH secretion receptor mediating stress-related response to CRF. In for endocrine and behavioral responses to stress. Delinmutant and control mice (n ϭ 6 per group). Animals were then immediately subjected to a brief physical restraint stress (10-min eation of the precise contribution of other members of restraint in a 50-ml conical tube with the bottom removed). A second the CRF system, both in development and in mainteblood sample was then collected and animals were immediately nance of homeostasis, will require generation of animals euthanized. For determination of circulating ACTH concentrations with mutations in other components of the CRF signaling during the early postnatal period, plasma samples were collected pathways.
from CRFR1-deficient (n ϭ 5) and control mice (n ϭ 7) on postnatal day 10. Circulating corticosterone concentrations were also determined in mutant (n ϭ 9) and control (n ϭ 8) mice treated with or Experimental Procedures without corticosterone (mutant n ϭ 8, control n ϭ 8). Two hours after completion of the plus-maze test, mice were sacrificed by Targeting Vector Construction, ES Cell Culture, decapitation. Trunk blood was collected and plasma extracted for and Verification of Null Mutation subsequent corticosterone assay. Plasma concentrations of ACTH Cloned genomic DNA corresponding to the CRFR1 locus was isowere determined as described above. Differences in circulating horlated from a mouse strain 129 genomic DNA library. A targeting mone concentrations were determined by ANOVA. construct was generated whereby exons 5-8 of the CRFR1 gene encoding the last 12 amino acids of the first extracellular domain
In Utero Corticosteroid Rescue of Lung Dysplasia through the fourth transmembrane domain were replaced by a PGKHomozygous male and female CRFR1 mutant mice were interneo cassette (Figure 1 ). The resulting plasmid DNA was linearized crossed, and mating was confirmed by the presence of a copulation with NotI and electroporated into J1 ES cells as described elsewhere plug (designated embryonic day 0). Beginning on embryonic day (Lee et al., 1992) . After selection in 0.2 mg/ml G418 (active form) 12, pregnant females (n ϭ 3) were treated with 25 g/ml corticostefor 7-9 days, neomycin-resistant clones were individually selected.
rone in the drinking water through postnatal day 14, and neonatal Approximately 50% of the cells from each clone were expanded in survival of offspring was assessed. Lungs from corticosterone-96-well plates for freezing and the remaining 50% in 24-well plates treated mutant mice, nontreated mutant mice, and untreated control for DNA isolation. Colonies were screened for the presence of the mice were also collected on postnatal day 1 for histological analyses disrupted CRFR1 allele by Southern analysis using an external (n ϭ 3 each). BamHI-HindIII genomic fragment that hybridized 5Ј to the targeting construct ( Figure 1A ). Cells from two positive ES clones were injected into C57BL/6 blastocysts to generate chimeric mice (Lee et Hormonal Rescue of Adrenal Defect in CRFR1-Deficient Mice Mutant offspring born using the corticosterone rescue strategy deal., 1992) . Chimeric males were outcrossed to C57BL/6 females and germ-line transmission of the mutant allele was determined by scribed above were used to determine the effects of ACTH replacement on maturation of the adrenal gland. Briefly, from postnatal Southern analysis of tail DNA collected from F1 pups displaying agouti coat color.
days 10-21, animals were injected subcutaneously twice daily with either 10 ng/g of body weight of rat ACTH in diluent (0.1 M phosphate
Statistical Analyses
In the dark-light emergence task, comparisons between the mutant buffer, 0.1% bovine serum albumin, 0.01% ascorbic acid, pH 7.3) or with diluent alone. Then, adrenal glands from control mice (n ϭ and control mice were performed with the Mann-Whitney U-test. Student's t-test was used to compare the two groups' locomotor 3), ACTH-treated mutant mice (n ϭ 4), and mutant mice treated with diluent only (n ϭ 3) were collected for histological analysis. activity scores. Closed arm entries, percent entries, and percent time mice spent in the open arms of the elevated plus maze were analyzed using a two-way ANOVA (strain, drug treatment).
Behavioral Analyses

Dark-Light Emergence Task
The behavioral response of CRFR1-deficient mice in an anxiogenicAcknowledgments like environment was tested using a dark-light emergence task (n ϭ 6 male mice per group). Mice used for behavioral experiments were
The authors thank Jean Rivier and Ron Kaiser for the ACTH used all singly housed. Testing was conducted in a white open field (50 in these studies, Carlos Arias for assistance with immunohistochem-ϫ 50 cm) containing a small opaque chamber 12 cm deep and 8 istry, Yaira Haas for assistance with radioimmunoassays, and Drs. cm in diameter (Takahashi et al., 1989 (Xu et al., 1994) and similar light References conditions as described above. Mice were brought into the testing room 1 hr prior to the start of the testing. The pattern of photobeam Archer, J. (1973) . Tests for emotionality in mice and rats: a review. breaks was analyzed to yield the number of zone entries over time.
Anim. Behav. 21, 205-235. Zone entries were defined as movement into one of eight equalAvishai-Eliner, S., Yi, S.J., and Baram, T.Z. (1996) . Developmental sized squares (2 ϫ 4 matrix, 11 ϫ 10.5 cm/zone). This measure was profile of messenger RNA for corticotropin-releasing hormone in used to reflect more accurately horizontal locomotion rather than the rat limbic system. Brain Res. Dev. Brain. Res. 91, 159-163. the repeated breaking of a single beam.
Elevated Plus Maze
Ballard, P.L. (1989) . Hormonal regulation of pulmonary surfactant. Endocr. Rev. 10, 165-181. Wild-type and CRFR1-deficient male mice aged 14-18 weeks were randomly assigned to four different groups. Within each genotype, Britton, K.T., Lee, G., Dana, R., Risch, S.C., and Koob, G.F. (1986) . mice were either treated with 10 g/ml corticosterone (control n ϭ Activating and 'anxiogenic-like' effects of corticotropin releasing 9, mutant n ϭ 8; Sigma Chemical Co., St. Louis, MO) dissolved in factor are not inhibited by blockade of the pituitary-adrenal system 95% EtOH (final EtOH concentration 0.2%) or with water containing with dexamethasone. Life Sci. 39, 1281-1286. a similar EtOH concentration but minus corticosterone (control n ϭ Chalmers, D.T., Lovenberg, T.W., and De Souza, E.B. (1995) . Local-8, mutant n ϭ 8). The drug treatment was administered for a 13-ization of novel corticotropin-releasing factor receptor (CRF2) mRNA day period. Water consumption was measured daily between 12:00 expression to specific subcortical nuclei in rat brain: comparison pm and 14:00 pm. No difference in water consumption was noted with CRF1 receptor mRNA expression. J. Neurosci. 15, 6340-6350. for control versus mutant mice, or for mice with or without corticoChan, R.K., Brown, E.R., Ericsson, A., Kovacs, K.J., and Sawchenko, sterone in the drinking water (data not shown).
P.E. (1993) . A comparison of two immediate-early genes, c-fos and The elevated plus maze paradigm was also employed as a vali-NGFI-B, as markers for functional activation in stress-related neurodated animal model of anxiety that is based on the natural aversion endocrine circuitry. J. Neurosci. 13, 5126-5138. of rodents to height and open spaces (Pellow et al., 1985; Lister, Chrousos, G.P., and Gold, P.W. (1992) . The concepts of stress and 1987). The plus maze apparatus was made of black Plexiglas and stress system disorders. Overview of physical and behavioral hohad two open arms (30 ϫ 5 cm) and two enclosed arms of the same meostasis. JAMA 267, 1244-1252. size with walls 30 cm high. It was elevated 30 cm above the ground. The arms were connected by a central square (5 ϫ 5 cm) and thus the Cole, T.J., Blendy, J.A., Monaghan, A.P., Krieglstein, K., Schmid, maze formed a plus sign. A 25 W lamp placed above the apparatus W., Aguzzi, A., Fantuzzi, G., Hummler, E., Unsicker, K., and Schutz, provided a 6 lux light level in the open arms. All testing was per-G. (1995) . Targeted disruption of the glucocorticoid receptor gene formed during the light phase of the light-dark cycle. Mice were blocks adrenergic chromaffin cell development and severely retards habituated to the experimental room for 1 hr prior to the behavioral lung maturation. Genes Dev. 9, 1608-1621. testing, and the subjects were individually tested in 5-min sessions.
Crawley, J., and Goodwin, F.K. (1980) . Preliminary report of a simple Each mouse was placed on the center platform facing an open arm animal behavior model for the anxiolytic effects of benzodiazepines. to initiate the test session. Behaviors scored were number of open Pharmacol. Biochem. Behav. 13, 167-170. and closed arm entries and time spent on the various sections of Daikoku, S., Kinutani, M., and Sako, M. (1976) . Ultrastructural study the maze. Arm entries were defined as entry of all four paws into on the hypothalamic-hypophysial-adrenal axis in fetal rats. Cell Tisthe arm. Closed arm entries were taken as an index of locomotor sue Res. 168, 549-559. activity in the plus maze. A camera mounted above the apparatus Denenberg, V. (1967) . Stimulation in infancy, emotional reactivity allowed the observation of the animal's behavior on a video monitor and exploratory behavior. In Biology and Behavior: Neurophysiology placed in an adjacent room. 
